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In studies using piezoresponse force microscopy, we observe a non-zero lateral piezoresponse at
180◦ domain walls in out-of-plane polarized, c-axis-oriented tetragonal ferroelectric Pb(Zr0.2Ti0.8)O3
epitaxial thin films. We attribute these observations to a shear strain effect linked to the sign change
of the d33 piezoelectric coefficient through the domain wall, in agreement with theoretical predictions.
We show that in monoclinically distorted tetragonal BiFeO3 films, this effect is superimposed on
the lateral piezoresponse due to actual in-plane polarization, and has to be taken into account in
order to correctly interpret the ferroelectric domain configuration.
PACS numbers:
Ferroelectric materials, characterized by their re-
versible spontaneous electric polarization, show great po-
tential for multifunctional applications ranging from non-
volatile memories [1, 2] to nanoscale sensors and actua-
tors [3]. Controlling the structure and stability of fer-
roelectric domains in these materials is a key require-
ment for successful device implementation. In particular,
the dynamics of domain walls, the interfaces separating
regions with differently oriented ferroelectric polariza-
tion in the films, can significantly affect performance [4].
Understanding domain wall behavior at the nanoscopic
scales of current and future devices, however, requires
techniques with the requisite nanoscale resolution.
One such technique is piezoresponse force microscopy
(PFM) [5], in which a metallic atomic force microscope
(AFM) tip is used to apply an alternating voltage across
the ferroelectric material, resulting in a local mechanical
response at the film surface due to the inverse piezoelec-
tric effect. This piezoelectric response can be detected
from the induced displacement of the AFM cantilever,
recorded by the position of a laser beam reflected onto
a quadrant-split photodetector. The vertical deflection
and angular torsion of the tip are referred to as vertical
and lateral PFM, respectively. The response phase pro-
vides information on the polarization, while its amplitude
is related to the polarization magnitude [6]. Depending
on the piezoelectric coefficient tensor dij , linked to the
crystal symmetry, a combination of these two measure-
ments allows access to both out-of-plane and in-plane
components of polarization. Although quantitative mea-
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surements of piezoelectric coefficients via PFM are chal-
lenging, the technique has provided valuable information
about the behavior of domain walls and switching dy-
namics both in thin films [7, 8] and in device structures
[9–11]. In this context, understanding the origins of the
PFM signal observed at ferroelectric domain walls is an
important issue.
Considering only piezoelectric effects, in a c-axis-
oriented tetragonal ferroelectric film with an electric field
applied along the polarization axis, the piezoelectric re-
sponse is determined by the d33 coefficient, leading to a
purely vertical PFM signal. However, in such films, a
non-zero lateral PFM response has been observed specif-
ically at the position of 180◦ domain walls. Initially,
sliding [12] or torque [13] mechanisms based on surface
distortion as a result of antagonistic vertical contraction
and expansion on either side of the domain wall were
proposed. However, subsequent studies have questioned
these scenarios after quantifiying the resulting lateral
force, and suggested instead the possibility of electro-
static effects arising from the electric field present around
domain walls due to the build-up of opposite surface po-
larization charges [14]. Concurrently, numerical analyses
in the framework of resolution-function theory showed
that in a c-axis tetragonal film, local shear can occur at
the domain wall [15], potentially giving rise to a lateral
PFM signal. Discriminating between these different con-
tributions to identify the mechanism at the origin of the
observed signal is all the more necessary as PFM becomes
widely applied to more complex materials such as BiFeO3
(BFO), presenting both in-plane and out-of-plane polar-
ization components, and where all possible contributions
to both vertical and lateral PFM signals have to be taken
into account.
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2In this letter, we report on local probe measurements
of c-axis tetragonal Pb(Zr0.2Ti0.8)O3 (PZT) thin films,
which exhibit both the vertical PFM signal due to their
polarization along the [001] axis, and a lateral PFM sig-
nal specifically at domain walls. Based on complemen-
tary electric force microscopy (EFM), we find the dom-
inant contribution to the observed lateral signal to be
piezoelectric, and due to shear at the domain walls. We
compare these observations with similar measurements
on monoclinically distorted tetragonal BFO, with polar-
ization along the <111> axes, and thus combined out-of-
plane and in-plane polarization components with respect
to the sample surface.
70 nm PZT and BFO films on metallic SrRuO3 (used
as a bottom electrode during PFM measurements) were
epitaxially grown on single-crystal (001) SrTiO3 sub-
strates by off-axis radio-frequency magnetron sputter-
ing and pulsed laser deposition, respectively [16, 17].
On these samples, we performed ambient-condition AFM
measurements with a Veeco Dimension V. To create rect-
angular domains in the as-grown monodomain film, we
applied a +12 V bias to a scanning tip (MikroMasch
NSC18/Cr-Au). Subsequently, lateral and vertical PFM
were simultaneously recorded for each domain structure,
with ac bias voltage amplitude and frequency of 2-5 V
and 20 kHz, respectively. The corresponding topograph-
ical images showed a typical rms surface roughness of 4
A˚ for PZT (Fig. 1h) and 2 nm for BFO.
For PZT films, as shown in Fig. 1a and e, we observe
the expected 180◦ contrast between “up” and “down” po-
larized domains in the vertical PFM phase signal. Cor-
respondingly, a minimum in the vertical PFM amplitude
(Fig. 1b and f) is seen at the position of the 180◦ do-
main walls separating these regions. We also observe
a clear non-zero lateral PFM phase signal, showing two
opposite-contrast features at domain walls (Fig. 1c), with
corresponding maxima in the lateral PFM amplitude
(Fig. 1d).
The vertical PFM data demonstrates that between the
“up” and “down” polarized regions the d33 coefficient of
the material changes sign, locally going to zero at the
180◦ domain walls. In the shear strain scenario, the lat-
eral PFM observations for purely tetragonal c-axis PZT
can be explained by the presence of non-zero shear com-
ponents (d35) [15]. In uniformly polarized regions, as
expected from symmetry considerations, the d35 coef-
ficient is zero, corresponding to no lateral PFM phase
signal, and zero lateral PFM amplitude. However, at
the domain walls, where the ferroelectric crystal sym-
metry breaks down, the local d35 coefficient (d
DW
35 ) ex-
hibits finite values, as reflected by the high lateral PFM
amplitude signal. Moreover, the sign of the dDW35 re-
sponse depends on the relative positions of the “up” and
“down” domains with respect to the cantilever axis. In
our measurements, two domain walls (“up” on the left of
the cantilever, “down” on its right, and vice-versa) are
present on opposite sides of each domain, thus yielding
two opposite-contrast features in the lateral PFM phase
signal. We note that topographical contributions can be
excluded due to low surface roughness, all the more so be-
cause the signals are clearly visible only at domain walls.
(a) (b) (c) (d)
(e) (f) (g)
(h)
FIG. 1: PFM measurement of rectangular ferroelectric do-
mains written on PZT by applying +12V to the scanning tip
in an as-grown monodomain region (scale bar is 0.5 µm). Each
domain structure shows a 180◦ contrast in the vertical phase
(a),(e) with a corresponding minimal vertical amplitude at
the domain wall (b),(f) (blue lines in (a) and (b) correspond
to the profiles shown in (e) and (f)). Two opposite non-zero
signals (dark and bright colors) are observed in the lateral
phase (c) perpendicularly to the AFM cantilever at the posi-
tion of these domain walls, with a corresponding rise in the
lateral amplitude (d). The orientation of the AFM cantilever
is indicated by the blue arrow in (c). (g) Schematical rep-
resentation of domain wall shear deformation due to locally
non-zero d35 coefficient (dashed red lines show the initial do-
main wall positions). (h) Topography of the region, showing
a 4 A˚ rms surface roughness.
However, the electrostatic contribution proposed by
Jungk et al. [14] as the dominant mechanism could also
produce similar effects. To discriminate between these
two mechanisms, we performed complementary time de-
pendence studies of EFM (in phase detection mode)
vs. PFM signal measurements on ferroelectric domains
(Fig. 2). Previous similar studies on PZT thin films
showed a decay of the EFM signal below noise levels after
a few days, due to passivation by ambient charges and
leakage [18]. With both improved measurement setup
and leakage properties in the PZT films used, we ob-
served that an EFM signal is still present in the written
domains three months after writing, although decreased
by an order of magnitude from its initial value. However,
both vertical and lateral PFM signals of these same do-
main walls do not show any significant decay over time,
suggesting an effect of dominant piezoelectric nature.
In addition, we note that similar lateral PFM contrast
has been observed in epitaxial PZT capacitors [9, 19],
which would effectively screen out the electrostatic con-
tribution, again strongly suggesting that the dominant
mechanism is piezoelectric.
Taken together, our studies suggest that the mecha-
nism behind the observed lateral PFM signal is indeed
piezoelectric in nature, and due to the shear response
resulting from a local variation of the tetragonal ferro-
3(b)
(a) (c)
FIG. 2: EFM measurements of rectangular ferroelectric do-
mains written on PZT, immediately (a) and three months (b)
after writing, with same vertical scale of 5◦ (horizontal scale
bars are 1.4 and 0.6 µm in (a) and (b), respectively). The
upper and lower part of (a) correspond to +1 V and -1 V
bias voltage applied to the tip during EFM, showing contrast
inversion. (c) Time dependence of vertical and lateral PFM
and EFM signals for domains written at t = 0, showing a de-
cay of the EFM signal vs. a stabilization of both PFM signals
(dotted lines are a guide to the eye).
electric symmetry specifically at the 180◦ domain wall.
This shear response of domain walls is also potentially of
significant applied interest. In fact, a finite-element anal-
ysis of the behavior of a piezoelectric transducer based on
ferroelectric domain structures in PZT [20, 21] suggests
that such a lateral response, whose origin at that time
remained unaddressed, could result in the generation of
surface acoustic waves in the device [22].
Having considered the dDW35 response in materials with
a purely out-of-plane polarization, we next addressed its
effects on PFM measurements in BFO thin films de-
posited on (001) SrTiO3, which present a monoclini-
cally distorted tetragonal structure with polarization ly-
ing close to the <111> directions [23, 24]. In these films,
due to the lower symmetry and finite in-plane component
of the polarization, the d35 coefficient (d
m
35) is expected to
be non-zero even in uniformly-polarized regions. To cor-
rectly characterize these films it is thus necessary to dif-
ferentiate between any shear effect at the domain walls,
and the actual in-plane polarization.
In these BFO films, we performed PFM measurements
for two perpendicular cantilever orientations, at 0◦ and
90◦ with respect to an array of small written domains
(Fig. 3). As expected, the vertical PFM phase shows
a 180◦ contrast between the written domains and the
uniformly pre-polarized background (Fig. 3a), with the
domain walls visible as a decrease of the vertical PFM
amplitude (Fig. 3d). At the position of these written
domains, we also observe changes in the lateral PFM sig-
nal. For a 0◦-oriented cantilever, the lateral PFM phase
(Fig. 3b) is similar to the response observed in PZT, with
two opposite-contrast features at the position of the do-
main walls, and an otherwise zero response both in the
uniformly polarized background and at the center of the
written domains. An increased lateral PFM amplitude is
observed at the corresponding domain walls (Fig. 3e), al-
lowing the observed features to be attributed to the dDW35
response, as for PZT. In the remainder of the image, the
lack of a phase response suggests that only P1,3
+,− polar-
izations, as defined in Fig. 3g, are present in this region,
with an in-plane projection parallel to the cantilever in
this orientation, and thus not detectable by lateral PFM.
(a) (b) (c)
(d) (e) (f)
FIG. 3: PFM images of an array of domains written on BFO
with +12V, 40 and 50 ms pulses on a prepolarized back-
ground: vertical (a), lateral (b),(c) PFM phases, vertical (d),
lateral (e),(f) PFM amplitudes (horizontal bar is 100 nm). For
the lateral measurements, the orientation of the cantilever is
given by the blue arrows. The black contour in (a)-(f) cor-
responds to one of the written out-of-plane domain walls in
(a). (g) Orientation of the crystalline axis of the substrate
and the BFO film and of the in-plane projection of the eight
possible orientations of the polarization. + and − stand for
the out-of-plane component of the polarization going out or
in the paper respectively.
To confirm this observation, and to distinguish be-
tween the two different possible in-plane polarization ori-
entations, we carried out lateral PFM measurements with
the cantilever rotated by 90◦. In the phase images, as
shown in Fig. 3c, a large bright region is now observed
in the center of each domain, in contrast to the darker
background. This phase contrast can be attributed to
P1
− (full blue arrow) for the background and P1+ (dotted
green arrow) for the domains, thus corresponding to 180◦
switching. Once again, at the domain walls, opposite-
contrast features are present and superimposed on the
dm35 response of the P1
− and P1+ polarizations. Finally,
in the lateral PFM amplitude (Fig. 3f), we see a complex
behavior, with a minimum at the position of the domain
walls, as expected when the dm35 response changes sign.
However, the amplitude signal appears to increase in the
immediate vicinity of the domain walls. This behavior
can be interpreted as a combination of the dDW35 response
at the domain wall and of the dm35 response of the P1
−
and P1
+ domains.
In conclusion, we have shown using a combination
of PFM and EFM measurements, that the mechanism
behind the lateral PFM response observed at 180◦ do-
main walls in purely out-of-plane polarized tetragonal
PZT thin films is indeed piezoelectric, and related to the
shear response specifically at such domain walls. This
effect could be useful for nanomechanical transducers in
which horizontal propagation of a surface deformation is
required. The lateral shear at domain walls should be
4treated with great care when interpreting lateral PFM
images, especially when dealing with ferroelectrics that
present an actual in-plane component of the polariza-
tion such as BFO. More complex effects could also be
expected in PFM measurements on materials with a poly-
crystalline granular morphology. For a more quantitative
interpretation of such images, calculations of the dDW35
response in materials such as BFO would be extremely
useful.
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